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FAR-FIELD TURBULENT VORTEX-WAKE/EXHAUST PLUME
INTERACTION FOR SUBSONIC AND HSCT AIRPLANES

Osama A. Kandil*, Thab Adam** and Tin-Chee Wong***
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ABSTRACT

Computational study of the far-field turbulent vortex-
wake/exhaust plume interaction for subsonic and high speed
civil transport (HSCT) airplanes is carried out. The Reynolds-
averaged Navier-Stokes (NS) equations are solved using the
implicit, upwind. Roe-flux-differencing. finite-volume scheme.
The two-equation shear stress transport model of Menter is im-
plemented with the NS solver for turbulent-flow calculation.
For the far-field study, the computations of vortex-wake inter-
action with the exhaust plume of a single engine of a Boeing
727 wing in a holding condition and two engines of an HSCT
in a cruise condition are carried out using overlapping zonal
method for several miles downstream. These results are ob-
tained using the computer code FTNS3D. The resuits of the
subsonic flow of this code are compared with those of a parab-
olized NS solver known as the UNIWAKE code.

INTRODUCTION

The volume of civil air transport of subsonic aircraft has
increased at an alarming rate. With this increase in air traf-
fic. several hazardous effects have recently become of primary
concern. First, the landing and take-off operations safety at
busy airports of small and medium size aircrafts become haz-
ardous when they encounter high-intensity turbulent vortices
emanating from large aircraft. The trailing aircraft, under the
influence of those vortex trails, could suffer high rolling mo-
ments. loss of climb and structural damages. The vortices per-
sist up to a few miles and several minutes before they decay.

Second, the adverse effects of the engine exhaust of both
subsonic and supersonic aircraft on the stratosphere and tro-
posphere dunng cruise and holding conditions are of primary
atmospheric concern. A complex flow regime develop behind
those aircraft which include the exhaust jet plume and the
wake vortices that entrain the exhaust plumes and eventually
break-up producing exhaust-atmosphere mixing region. Sub-
stantial adverse effects on the stratosphere and troposphere are
expected when the new fleet of High Speed Civil Transport
(HSCT) is introduced in the early years of the next century.
Recent research efforts are currently directed at understand-
ing the adverse atmospheric effects of exhaust products from
subsonic and supersonic civil transport aircrafts. These ef-
forts include predicting the effects of exhaust plume on the
dynamical, chemical and radiative stratospheric processes. A
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recent NASA report on these issues is published under the
Awmospheric Effects of Aviation Project (AEAP), Ref. 1.

The origins of these hazardous effects are the vortex-wake
flows and the engine jet exhaust plume and its interaction
with the vortex-wake flows. The vortex-wake flows include
the tip-vortex development and roll-up formation while the
jet exhaust plume include exhaust products. temperature field,
and their fluid mechanics. At some distance downstream, the
vortex-wake flows entrain the exhaust plume and later-on the
vortex-wake breaks up and dilutes the exhaust plume in the
stratosphere.

The literature shows some experimental and computational
investigations that model and analyze the roli-up of a tip vor-
tex, the wake-vortex interaction, and the merging and decay,
as well as the hazardous effects of these phenomena on trail-
ing aircraft.

Mathematical models and computational methods were
developed with inviscid analysis®>. Although an inviscid
model cannot describe the aging of the wake including its
diffusion. it is still capable of representing the wake shape
and its dynamics. The mathematical models used in the
above references were based on the use of the point-vortex
method to compute the motion of a finite number of point
vortices. The three-dimensional inviscid model which is based
on the nonlinear vortex-lattice method, was used to compute
the interference flow between the wings and the vortex-wake
flows and to examine their hazardous effects®.

Viscous interactions of vortex wakes and the effects of
background turbulence, wind shear, and the ground on two-
dimensional vortex pairs were presented in Refs. 7 and 3.
The computer program used for these calculations is known
as the UNIWAKE code. The interaction, merging, and decay
of vortices in two- and three-dimensional spaces were studied
in Refs. 9 and 10. A comprehensive review on the subject
of viscous vortical flows can be found in a book by Ting and
Klein!!. To estimate the effects of density stratification, turbu-
lence, and Reynolds number on vortex wakes, an approximate
model was recently developed by Greenel2. Later on. Greene
and his coworkers'> presented selected results for different
aircraft vortices, including a juncture vortex, a lifting-wing
vortex, and a wake vortex.

In recent papers by the present authors'* 15 the com-
pressible Reynolds-averaged NS equations were used to com-
pute and analyze vortex-wake flows of isolated and interacting
wings. The emphasis of the paper was to study the effects of
the near-wake vortex flow on a small follower wing for two
cases of flow interference. The flux limiter in the flow solver
was turned on and off to study its numerical diffusive effect.
The solution obtained with the full NS equations without a
flux limiter gave the least numerically diffused tip-vortex core



in comparison with those solutions for which a flux limiter
was used. The multidisciplinary interaction of the aerody-
namics and rigid-body dynamics between a single tip vortex
and a trailing wing was also computationally investigated by
the present authors!®.

Very recently. research interest has also been focused on
the near-field and far-field vortex-wake interaction with the en-
gine exhaust plume including vortex-wake break up for both
subsonic and high speed civil transport (HSCT) aircraft. Com-
putational fluid dynamics plays a significant role in the pre-
diction of the near-field and far-field vortex-wake flows. Once
this is accomplished. the next step is to include the exhaust
plume products and chemical reactions, and its interaction with
the vortex-wake flows including vortex-wake break-up.

Recently, more advanced turbulence models became read-
ily available for use with NS solvers. In Ref. 17 by authors,
the algebraic Baldwin and Lomax (BL) turbulence model'®,
the one-equation Spalart and Allmaras (SA) model'®. and the
two-equation k. (KW) model developed by Menter?® were
used to study the tip-vortex and wake flows and their interac-
tion with the temperature field of an exhaust plume of a Boeing
727. Three key ingredients were considered for achieving ac-
curate prediction of these flows. These are the grid fineness,
turbulence model and computational efficiency. The results
using different models were validated with the available ex-
perimental data.

In this paper, computational investigations of the far-
field turbulent vontex-wake/exhaust jet plume interaction for
a Boeing 727 tip vortex and a single engine, and a HSCT
vortex-wake and twin engines are carried out. The Boeing
727 is in a holding condition and the HSCT is in a cruise
condition. An overlapping zonal method is used to carry out
the computations for several miles downstream. The present
computational results of the subsonic flow case are compared
with those of the UNIWAKE code. Development of lateral
flow asymmetry is also investigated.

FORMULATION

Two sets of the NS equations are used for these investi-
gations: a compressible set and an incompressible set. The
compressible set is soived using a computer program known
as the FTNS3D code, which is used in reference!®. This is
a modified version of the well known CFL3D code. The in-
compressible set is solved using a computer program known
as the UNIWAKE code, which is used in References 7 and 21.

The FTNS3D solver, described in detail in reference 16,
uses an upwind, flux-difference splitting, finite-volume scheme
to solve for the unsteady, compressible, Reynolds-averaged
NS equations. For the exhaust plume/tip vortex or vortex-
wake interaction cases, the buoyancy body force caused by
temperature difference, between the exhaust plume and the
ambient conditions, is added as a source term without any
approximation in the NS equations. For all results in this
paper, upwind-biased spatial differencing is used for the in-
viscid terms. and flux limiter is not used. The viscous terms

are differenced using second-order accurate central differenc-
ing. The resulting difference equations are solved implicitly in
time with the use of the three-factor approximate factorization
scheme. The two-equation turbulence model (KW) of Menter
is used with the NS equations. Partial differential equations
for the turbulence model are solved sequentially at each time
step thereafter.

The UNIWAKE solver consists of four computational
modules: (1) Vortex Lattice: A program to compute the lift
circulation distribution on an aircraft wing, which is based on
the given aerodynamic parameters and wing planform shape.
(2) Betz: A program to generate the initial position and
strength of rolled-up trailing edge vortices, given the lift circu-
lation distribution. (3) Wake: A program to merge and decay
these vortices downstream, interacting with engine jet exhaust
temperature and chemical products. by solving the incom-
pressible parabolized NS equations with fourth-order compact
scheme in uniformly Cartesian system. The second deriva-
tives in the streamwise direction is neglected in the governing
equations. The effects of the turbulence are included through
the algebraic Reynolds stress turbulence model. (4) Pinch: A
program to follow the inviscid line vortex filament interaction
of these vortices to instability and pinching, utilizing curved
vortex elements. Recently, some aspects of the compressibil-
ity and density variations are taken into account in the latest
version of UNIWAKE. It should be noted that the buoyancy
body force caused by temperature difference is based on the
Boussinesq approximations which are not valid for high tem-
perature differences. The detail of the governing equations
and recent enhancements can be found in Ref. 21.

BOUNDARY AND-INITIAL CONDITIOl;lS

Boundary conditions are explicitly implemented. They in-
clude inflow-outflow conditions. At the inflow boundaries, the
velocity profiles and pressure are prescribed and the Riemann-
invariant boundary-type conditions are used. Temperature dis-
tribution is specified for the engine exhaust plume(s). At the
outflow boundaries, conditions are extrapolated from the in-
terior domain. At the geometric plane of symmetry, periodic
conditions is set for symmetric flow problems. The initial
conditions correspond to the uniform-flow conditions

RESULTS AND DISCUSSION .

Far-Field Flow of Tip-Vortex/Exhaust Plume For

-a Boeing 727 (One-Side Flowfield)

The tip-vortex/exhaust jet plume interaction of a Boeing
727 wing and a single engine is considered. The study. ad-
dresses the computation and analysis of the tip-vortex inter-
action with the exhaust jet plume temperature field for a long
distance downstream of the wing. The tip-vortex of the Boeing
727 wing is assumed to be fully rolled-up and the generation
region is not included in the computation. The inflow velocity
and pressure profiles are generated using the vortex-lattice and
Betz modules of the UNIWAKE.



The tip-vortex flow is assumed fully wrbulent with a
Res'nolds number of 1 x 10°, based on the semi-span of the
wing. and the flow Mach number is 0.3. The tip-vortex and
exhaust plume are located at y/s = 0.76, /s = 0.0. and y/s
= 0.4, /s = -0.1, respectively. The peak temperature at the

center of the engine is two times the ambient temperature.

The crossflow velocity- (Vc), and temperature (T) contour
distributions at x/s = 0.0 are shown in Fig. 1.

The NS equations are used to compute the development
of this vortex and its interaction with the plume for a long
distance. up to x/s = 130. The computations of the FTNS3D
solver are carried out using an overlapping zonal method and
the schematic sketch is shown in Fig. 2. For each stage
of computation. a fine grid zone is used. The downstream
distance (a) and the overlapping or buffer zone (b) should be
chosen such that the downstream effects are minimized. For
this case, the following values are chosen; a/s=8.0, b/s=2.0.
and Xmax/s=130 (equivalent to 1.18 mile behind the inflow
plane). The computations are carried out for the right side of
the flowfield assuming flow symmetry. A rectangular grid of
201 x 41 x 51 grid points in x, y, and z directions, respectively,
are used for each zone.

The computations are carried out starting from the inflow
station of x/s = 0.0 up to x/s = 130 using the FTNS3D with
the KW turbulence model and the UNIWAKE solvers on the
same grid resolution in the crossflow plane. The results of the
T and Vc contours at selected chord stations with FTNS3D
(left column) and UNIWAKE (right column) solvers are shown
in Figs. 3-5. All the results are plotted in reference to the
origin and the comesponding axes at the inflow section. The
resuits show the evolution of the tip-vortex interaction with the
temperature field of the plume as it is advanced downstream.

The results of the FTNS3D code show that tip-vortex cen-
ter first moves upward and inward (due to the buoyancy effect
of the temperature field of the plume), and then descends and
moves toward the plane of symmetry as it advances in the
downstream direction. During the tip vortex motion, the ex-
haust plume is wrapped around it and its flow is entrained in
the tip-vortex. On the other hand, the UNIWAKE results show
that the tip-vortex center continuously descends and stays al-
most at the same lateral location of yv/s = 0.76. Since the
UNIWAKE code is a space-marching NS solver, the step size
in the streamwise direction is determined based on extrapo-
lated changes in the flow variables at each station. The code
also has a dynamic adjustment that seeks to retain the per-
ceived vortical mean location at the position of z/s = 0.0. The
discrepancies between the two solvers are due to the use of the
approximate parabolized NS equations of the UNIWAKE code
and the fully three-dimensional NS equations of the FTNS3D
code. The results with the UNIWAKE solver show more dif-
fusion as compared with the FTNS3D results. One of the nu-
merical parameters known as the turbulent macroscale () in
the UNIWAKE code has to be adjusted from the default values
of 0.2 to 0.04 in order to obtain adequate less-diffused resuits.
The larger values of A (results are not shown here) show even
more diffusive effect as compared with the FTNS3D results.

Far-Field Flow of Tip-Vortex/Exhaust Plume for
a Boeing 727 (Two-Side Flowfield):

In this case the two sides (right and left) of the flowfield
are computed, instead of the one-side computations of the
previous case, in an attempt to capture possible evolution
of flow asymmetry downstream. For this case, a/s=2() and
b/s=12 for each computational zone. A rectangular grid of
201x81x51 in x, y, and z directions, respectively is used. The
grid is coarsened in the axial direction in the overlapping
zone (b/s=12). The inflow conditions as well as the flow
conditions are the same as those of the previous case. The
computations are carried out up to Xmax/s=110. The results
of this case are shown in Fig. 6. It is observed that no flow
asymmetry has evolved up to the last-computed downstream
station. Comparison of these results with those of the previous
case shows small differences in the V. and T contours. The
reason behind these small differences is the longer zone size
and overlapping zone used in this case in comparison with the
previous case. The lateral separation distance between the tip
vortices was reduced down from y/s=1.54 to y/s=0.8 and no
flow asymmetry was captured (results are not shown).

Far-Field Flow of Vortex-Wake/Two Engine Plumes
for HSCT (One-Side Flowfield):

In this case the far-field interaction of a vortex-wake flow
of a generic HSCT with the exhaust plume temperature fields
of two engines is considered. Figure 7 shows the inflow plane
with the vortex-wake flow in the z/s=0.0 plane extending from
y/s=0.0 to y/s=1.0. The centers of the two engine exhaust
plumes are located at y/s=0.3 and y/s=0.6 in the z/s=0.0
plane. The vortex-wake flow is assumed fully turbulent with a
Reynolds number of 8x107, based on the wing semispan, and
the fliow Mach number is 2.4. Figure 7 shows the crossflow
velocity (V) and temperature (T) contours.

The NS equations are used to compute the development of
this flow and its interaction with the temperature fields of the
plumes for a long distance in the downstream direction, up to
x/s=150. Since the flow is supersonic, no overlapping zone is
used. In this case, the following values are chosen; a/s=10.0,
b/s=0.0, and Xpyax/s=150. A rectangular grid of 161x77x97
grid points in x, y, and z directions, respectively, are used.

Figures 7-10 show the crossflow results of V. and T at
selected chord stations. The resuits show the evolution of the
vortex-wake flow and its interaction with the exhaust plume
temperature fields. At x/s=2.0, the exhaust plumes deform
laterally while the outboard region of the vortex-wake deforms
in the upward direction. At the downstream chord stations,
x/s=6.0 to x/s=34.0, the exhaust plumes merge together and
stretch while rotating under the influence of a stretching and
rotating vortex-wake flow. At x/s=44.0, the outboard side of
the vortex-wake rolls-down in the counter-clockwise direction
and at x/s=64.0, the inboard side of the vortex-wake rolls-up
in the counter clockwise direction too. The exhaust plume
temperature-field takes this shape of two counter-clockwise
roll-down and roll-up vortices which are connected with a
vortex sheet. This system extends from z/s=-0.5 to z/s=0.5



and the roll-down and roll-up vortex centers are located at
vis=0.5, z/s=0.3, for the upper vortex, and y/s=0.65. z/s=-
0.4 for the lower vortex. These vortices separate at z/s=84.0,
rotate around each other at x/s=114 and merge at x/s=144. The
vortices descend and move toward the plane of symmertry, and
the exhaust plume flow is fully entrained in the voriex flow.

Far-Field Flow of Vortex-Wake/Two Engine Plumes for
HSCT (Two-Sides Flowfield with Reduced Lateral
Distance)

In an attempt to capture any possible flow asymmetry.
the development of the flowfield in the downstream direction
is carried out using the two-sides flowfield computations and
reduced extension of the vortex-wake and the exhaust plumes.
On each side, the vortex-wake extends from y/s=0.0 to y/s=0.5
in the inflow station. Flow conditions are the same as those
of the previous case. The calculations are carried in the
downstream direction up to x/s=60.0. The results of the V.
and T contours are shown in Fig. 10. It is noticed that no
flow asymmetry has been captured up to the computed chord
station. It is also noticed that the vortex roli-up develops only
for the outboard side of the vortex-wake. At x/s=24.0, it is
noticed that flow detrainment develops.

CONCLUDING REMARKS

. The computational solution of the compressible,
Reynolds-averaged Navier-Stokes equations is used to
predict the far-field vortex wake/exhaust plume turbulent flow
interaction. The two-equation turbulent modal of Menter is
used for turbulent flow calculations. Computational results
have been presented for two main applications. The first
application is the interaction of tip-vortex flow of a Boeing
727 wing with the temperature field of exhaust jet plume of a
single engine. The second application is the interaction of the
vortex-wake flow of a HSCT wing with the temperature field
of two engine exhaust jet plumes. The computations have
been carried out for more than one mile in the downstream
direction using an overlapping zonal method.

For the Boeing 727 tip vortex/exhaust plume interaction, it
has been shown that the tip vortex moved first in the upward
direction then it descended and moved toward the plane of
geometric symmetry. The exhaust plume flow wrapped around
the tip-vortex. and later on it was entrained in the tip-vortex
flow. Comparison of the present results with those of the
UNIWAKE shows that the UNIWAKE resuits suffer from nu-
merical dissipation as well as the approximate equations used.
The two-side flowfield computations have not developed flow
asymmetry, even when the lateral separation distance was re-
duced. For the HSCT vortex-wake/exhaust plumes interaction,
it has been shown that the vortex-wake deforms and forms two
counter-clockwise rotating vortices which separate, and later
on they merge." The exhaust plumes follow the motion of the
vortex-wake and their flows are entrained with the two vor-
tices. For the two-side flowfield calculations with reduced lat-
eral distance. no flow asymmetry was capturéd. Flow detrain-
ment has been captur=d. Research work is underway to add
chemical reactions and species flow 10 the exhaust plume(s).
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Figure 4: Comparison of crossflow T and Vc contours at four downstream stations; left-FTNS3D,
and right-UNIWAKE. (One-side flowfield).
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Figure 5: Comparison of crossflow T and Vc contours at two downstream stations; left-FTNS3D,
and right-UNIWAKE. (One-side flowfield).
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Figure 6: Crossflow T and Vc contours at four downstream stations. (Two-sides flowfield).
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crossflow T and Vc contours at eight downstream stations. (One-side flowfield).
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Figure 8:

HSCT crossflow T and Vc contours at eight downstream stations. (One-side flowfield).
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Figure 10: HSCT crossflow T and Vc contours at downstream stations. (Two-sides flowfield with
reduced lateral separation distance).
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